For several decades cold cathode gauges are widely used in vacuum systems for pressure measurement in the medium, high and ultra-high vacuum range. This type of ionization gauge is not only characterized by its wide measuring range, but also by its robustness and its relative low costs. Although cold cathode gauges have many advantages, however, it is known that the measuring accuracy of these instruments decreases with increasing operating time due to cathode sputtering and plasma-chemical reactions within the discharge cells causing contamination of the gauge. This effect, in turn, causes initial failures or disturbances in the pressure reading of these vacuum gauges.
Introduction
Cold cathode ionization gauges (CCG) use the establishment of a gas discharge in crossed electric and magnetic fields. The discharge current I (the sum of ion and electron current) is pressure-dependent and, therefore, it is able to serve as a measure of the pressure p. Many different electrode configurations of cold cathode gauges have been developed. The most common types are the Penning or Philips gaugel) and the inverted magnetron gauge originally proposed by Redhead2). The Penning geometry has a ring or a cylindrical anode and planar cathodes, the inverted magnetron structure has a wire anode in a concentric cylindrical cathode. Generally, the output current I of such cold cathode gauges is related to the pressure p by the power equation: (1) where K is the gauge sensitivity and n an exponent. The values of n (for most gauges described in the literature ranges between 1.0 and 1.2) and K depend on the nature of the gas, the dimensions of the electrode system, the anode voltage and the shape and the strength of the magnetic field.
Cold cathode gauges have become very important as vacuum meters particularly in industrial vacuum systems since they are robust, insensitive to 
(p pressure measured and indicated by the gauge, top operating time). On the basis of this quantity a better evaluation of the degradation of the measuring accuracy is feasible. Because the residual gas composition also plays a decisive role in the contamination process of CCG's, however, its influence is rather difficult to verify by means of the pressure dose D only a quantitative evaluation of a used cold cathode is possible. Usually, it is recommendable to check the calibration curve of a cold cathode gauge after D 1 mbarh pressure dose. After such a pressure dose one has to assume an erroneous pressure reading of the gauge due to contamination effects. In the case that the measuring accuracy has been tend to be reduced then restoring the gauge performance can be accomplished by cleaning the internal electrodes. For that purpose commercial CCG's are always designed in such a way that they are easily demountable.
Causes of the contamination process
The discharge mechanism occurring inside the measuring cell of cold cathode gauges causes inevit- Due to the momentum and energy transfer between the highly energetic ions and the near-surface atoms, the bonded atoms are detached from the atomic lattice as a result of a colliding cascade (cf. Fig. 1 ).
The effectiveness of this process depends strongly on the angle of incidence of the colliding ions, the ion mass, and thus consequently on the gas species, and the bond energy of the atoms of the cathode material (material depending sputter yield). The higher the pressure at which the gauge is working the more intensively the sputter effect runs since with increasing pressure more and more ions are formed and hit onto the cathode surface. The sputtered atoms have an energetic distribution with a maximum in the eV range. The sputtered particles are predominantly neutral, but a minor part of them is ionized and can recombine with the free electrons of the plasma. Among the detachment of neutral particles from the cathode surface by ions a series of other complex interaction processes may occur due to the impact of ions on the cathode surface (e.g. emission of electrons, ions, photons, lattice defects). But for the understanding of the contamination effect they are negligible. The sputter process causes the cleaning and roughening, respectively, of the cathode surface mainly in the center region of the gauge tube (cf. Fig. 2 ). The sputtered atoms are attached to the anode or internal walls of the discharge chamber where they are adsorbed. In this places, the contamination layering starts with an island formation followed by the process of island growth effect. With increasing condensation rate the islands grow together and may form a thin film. Because the atoms sputtered from the cathode are primarily metal atoms or metallic compounds, these thin films are conductive and can cause leakage currents if these thin films are deposited on the electric insulation of the gauge. In this case, the pressuredependent gauge output current I is therefore superposed by a residual current unfortunately, usually /leak is not constant. In the majority of cases its value rises slowly with increasing operating time. If the gauge is run frequently and for long times in the upper pressure range (10-4 . . . 10-2 mbar), the contamination rate rises and thus, a further deposition of conductible layers is promoted. If /leak becomes equal in the magnitude to the discharge current I, the lower measuring range of the gauge is restricted. Moreover, one has to expect that the longer the gauge operates at high vacuum pressures, the faster the gauge is contaminated and its measuring range will be restricted increasingly. The higher the ion mass of the gas whose pressure is to be measured, the faster this sputter process runs. One can assume that a cold cathode gauge exposed to a vacuum atmosphere with a relatively high portion of gases with high molecular atomic masses (e.g. argon) will be contaminated faster than a gauge operating under vacuum conditions whose residual gas atmosphere contains predominantly 'lighter' gases. A critical point is the acceleration of the ions to the cathode. This depends on the voltage between the anode and cathode and influences crucially the sputter efficiency. High acceleration voltages promote the sputter efficiency and thus the contamination rate as well.
Besides the sputter effect several chemical reactions run inside the measuring cell of cold cathode gauges due to the interaction of the plasma and the electrode surface. Though, at pressures below 10-3 mbar chemical processes within the plasma volume can be excluded largely, however, in the pressure range above 10-3 mbar various chemical reactions dominate particularly in the cathode fall region and on the boundary surfaces. So-called free radicals and excited molecules and atoms play in this region a decisive role since they initiate different chemical reactions or interact with electrode surfaces. These charge carriers are able to cause a dissociation or a fragmentation of neutral gas molecules. The formed dissociation products-ions or radicals-are mostly extremely reactive and they continue to react in secondary reactions, i.e. plasma-electrical dissociation processes are always accompanied by ionic or radical building-up reactions. E.g. hydrocarbon bonds may be cracked under plasma conditions in the following manner: C + C-H-radicals or /and H-radicals. As shown in the simplified schematic in Fig. 3 , the separated carbon can deposit on the electrode surface (in the most cases the electrodes of cold 
cathode gauges are made of stainless steel) and react there e.g. with the surface atoms to form ironcarbide (Fe"Cy) or chromium-carbide (Cr"Cy). These metallic carbides can change the secondary electron yield if they deposit on the cathode surface or they may cause leakage currents too if they form a thin film on the electrical insulating material between anode and cathode. Furthermore it is known that e.g. solid high-molecular hydro-carbon polymers are completely decomposed to low-molecular hydro-carbons under plasma conditions3). Kunze et al.4) observed the formation of thin polymer films on the anode grid of a hot filament ionization gauge probably caused by the polymerization and dissociation reactions of oil vapors.
Among such polymerization and crack reactions a multitude of other plasma-chemical processes can run in the measuring cells of cold cathode gauges. But in respect to their complexity and, last but not least, in consideration of the fact that these processes depend strongly on the pressure conditions and particularly on the composition of the gas whose pressure is to be measured, a detailed specification of all possible plasma reactions is rather difficult. For a review the references3,5,6) are recommended.
Methods for the reduction of the contamination rate of cold cathode gauge heads
Generally, due to their basic measuring principle the contamination effect of cold cathode gauge heads is unavoidable.
During each gas discharge the described processes run as described above that only a few papers report about pulsed operation of CCGs is probably caused by problems connected with this kind of operation: If the pulse width is too short the electric gas discharge can be extinguished.
With the development of the so-called 'selfcleaning' Penning gauge Grigorevl 1) described an other promising way to reduce the influence of the contamination effect and hence to extent the lifetime of a cold cathode gauge. The gauge construction and its principle of operation is shown in Fig.  5 . In contrast to the ordinary Penning gauge, this special gauge has two annular anode electrodes (A1 and A2), and an alternating voltage is supplied to the anodes by the transformer Tr. The mid-point of the secondary winding is connected to a common collector which may be the metallic envelope of the gauge. As usual the collector current (ac current!) measured by a sensitive ammeter is used as a measure of the pressure. The potential distribution within the modified gauge is in such a way that in each half-cycle of anode voltage the field conditions are similar to that in the normal Penning gauge between an annular electrode and the nearest cathode plate. Thus, in each half-cycle, in one such 'half chamber' a discharge arises just as in the Penning gauge. The formed ions will migrate partly to the cathode plates and partly to the annular electrode which during this half-cycle will be negative and hence it also acts as an ion collector. In each half- 
cycle one of the annular electrodes operates as an anode, the other is being bombarded by ions and cleaned by cathode sputtering. Consequently, during the operation, all gauge electrodes are automatically and effectively cleaned. But unfortunately, this gauge has never been tested over long operation periods to verify the advantage of that this gauge type.
Another cold cathode gauge in which the contamination process can be slowed down was suggested by Pakulin12). Similar to the Grigorev gauge he developed a gauge that cleans itself when operating. But instead he used two operating modes to simultaneously extend the measuring range of the gauge. The gauge geometry is shown in Fig. 6 . In the medium vacuum range a (constant) high voltage is applied to the inner electrode cylinder 1, while the inner cylinder 2 is grounded and the outer cylinder 3 is connected to a milliammeter. The discharge in the inner chamber serves as a source of ions which pass through the cylinder grid 2 to the cylinder 3. The current thereby collected served as a measure of the transmission of the gas in the drift space for the ion flux, and therefore it can be used as a measure of the pressure p. High vacuum is measured in self-cleaning mode using an alternating voltage applied antiphase between the cylinders 1 and 3 which are connected together and the cylinder 2. In this operating mode the discharge current measured at the cathode plates 4 is used for pressure indication. A special feature of this gauge is that the upper limit of measurement has been extended to 50 Pa. The gauge was tested in a vacuum system by an oil diffusion pump without a nitrogen trap, and it has been operated for about 4000 hours without cleaning.
It is known that particular single-feedthrough cold cathode ionization gauges often suffer from spurious leakage currents which mask the pressure dependent discharge current. Peacock and Peacock13) described an inverted magnetron gauge tube designed to reduce this problem by using separate feedthroughs for the anode high voltage and the cathode current. This gauge structure should work very well and no problems were found with leakage currents at any time.
Tallon et a1.14) proposed a further special cold cathode gauge construction which should be suitable for long-term operation in the upper vacuum range. According to this construction (cf. Fig. 7 ) the gauge consists of two distinct Penning cells arranged serially in one gauge housing. This is done by an electrode geometry with two separate magnetic fields that maintain two independent gas dis- charges inside the gauge: between the two oppositely arranged cathode plates two annular anode electrodes are located. The plasma between these electrodes has been split into two branches by two separate magnetic fields. The distance between the two discharge plasmas is such that a disturbance occurring in one will not spread to the other. The advantage of this double plasma gauge geometry is that the discharge located closer to the gauge inlet protect the more interior plasma for entering hydro-carbons and acts thus as an ion buffle. The entering hydro-carbons are cracked in the outer plasma before they reach the more interior parts of the gauge where they would cause undesirable contamination. Drubetsky et al. 15 ) used the same principle of the separate discharges between two opposing magnetic fields in the inverted magnetron gauge configuration (double inverted magnetron gauge). But in both cases, the special double field configuration inside the measuring cells reduces only the component of the contamination effect which is caused by plasma-chemical reactions at higher vacuum pressures, the cathode sputtering which mainly provoke the contamination is not thereby substantially decreased.
To decrease the efficiency of cathode sputtering during the operation of cold cathode gauge heads Kuster and Grosse-Bleyl6) advise the use of titanium as cathode material. Although, by this measure the influence of sputter effect should be reduced effectively, however, one has to consider that even titanium is usually used in sputtering ion pumps as cathode material due to its good chemisorbing properties. Therefore, if titanium is used as cathode material one has to expect that the pumping speed of this type of gauge should be significantly higher than that of a gauge using common cathode material. Hence, the pressure reading of the gauge could be erroneous during operation.
Conclusion
As a consequence of their basic measuring principle, the contamination effect of cold cathode gauges is generally unavoidable, however, some measures can be taken to minimize the influence of the contamination in cold cathode gauges. By means of a special gauge design or by operating the gauge in a suitable mode it is possible to significantly delay the contamination process and reduce its rate. Although by the use of these methods, the life-time of a cold cathode gauge can be extended considerably and hence its maintenance cost can be reduced too, after a certain operating time (pressure dose) a restoration of the initial gauge performance by cleaning or replacing of contaminated electrodes is inevitable.
